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(57) ABSTRACT

A method for determining a reserve torque in an electroni-
cally-switched drive mechanism, specifically a pulse motor
for a headlamp beam adjustment system, based upon a
parameter in an essentially linear relationship to a back
electromotive force of the drive mechanism. Whereby, for
the determination of the back electromotive force-related
parameter, the variation in the drive current is determined in
relation to a change interval.

5 Claims, 3 Drawing Sheets
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Determining a current variation in a drive current in relation
to a change interval for determining the parameter being a ™31
back electromotive force-related parameter

Determining the back electromotive force-related
parameter from the change interval for a predetermined [™~-S2
current variation

Determining the change interval by summing time

measurements with a specific degree of resolution -S3
Determining the parameter for each current variation _S4
applied to the electronically-switched drive mechanism
Determining a phase displacement of the parameter in
. , S5
relation to the drive current
Determining a characteristic curve for the parameter for a _S6

position of the electronically-switched drive mechanism

FIG. 4



US 9,484,849 B2

1
SENSORLESS BEMF MEASUREMENT IN
CURRENT-CONTROLLED BRUSHLESS
MOTORS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the priority, under 35
U.S.C. §119, of German application DE 10 2014 210 069.0,
filed May 27, 2014; the prior application is herewith incor-
porated by reference in its entirety.

BACKGROUND OF THE INVENTION

Field of the Invention

The invention relates to a method for the determination of
a reserve torque in an electronically-switched drive mecha-
nism, specifically a pulse motor for a headlamp beam
adjustment system, based upon a parameter in an essentially
linear relationship to a back electromotive force of the drive
mechanism.

Electronically-switched drive mechanisms, also described
as “Brushless DC Motors” or “BLDCs”, in various forms of
embodiment are known from the prior art, whereby drive
mechanisms of this type are used in the automobile industry
for various applications, for example in headlamp beam
adjustment systems, e.g. as pulse motors.

A pulse motor of this type is described in published,
non-prosecuted German patent application DE 10 2012 104
541 Al, corresponding to U.S. patent publication No. 2012/
0304914. The pulse motor contains a first conductive core,
the ends of which are gapped in relation to each other, and
a second conductive core, the ends of which are also
mutually gapped. The conductive cores are generally con-
figured in a C shape, and arranged at right-angles to each
other, such that the first core ends are adjacent to the second
core ends. The conductive cores are both comprised of a
magnetic material, for the conduction of a magnetic field.
The pulse motor also contains a permanent magnet, which is
arranged between the core ends. The permanent magnet is
mounted on a rotatable rotor shaft. In addition, a first
induction coil is wound around at least one part of the first
conductive core, and a second induction coil is wound
around at least one part of the second conductive core. The
first induction coil is provided with a first set of supply
conductors, and the second induction coil is provided with
a second set of supply conductors. The first and second
supply conductors are electrically connected to a program-
mable control system, which is electrically connected to a
power source for the supply of electric current to the first and
second induction coils. The first and second conductive
cores may be magnetized accordingly. In service, the control
circuit selectively delivers a voltage to the first and second
supply conductors, such that an electric current flows in the
first and second induction coils respectively. In case of a
change in the electric current, a magnetic field is induced in
the associated induction coil. The magnetic field is then
channeled through the connected conductive core towards
the permanent magnet. If the magnetic field of the magne-
tized conductive core and the magnetic field of the perma-
nent magnet are not in alignment, the permanent magnet will
rotate around the axis of the rotor shaft. In order to maintain
the rotation of the permanent magnet, the magnetic field of
the first and second induction coils is altered accordingly by
the application of a sequence of current signals. The speed
of rotation can then be controlled by adjusting the magnitude
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of the voltage or current applied to the first and second
supply conductors, and by the synchronized adjustment of
the voltages or current.

A method for the detection of a stalled state of the pulse
motor is also known, e.g. from published, non-prosecuted
German patent application DE 102012 104 541 A1, wherein
the “back electromotive force” (or “back-EMF”) of the
induction coils is measured. Where the control system
excites one of the induction coils, and the other induction
coil is de-excited, the rotation of the permanent magnet
induces a voltage in the de-excited coil. This voltage is the
back-EMF, and can be measured by the control system. A
substantial reading for back-EMF indicates that the perma-
nent magnet is rotating and, accordingly, that the pulse
motor is not in the stalled state. Conversely, a low reading
for back-EMF indicates that the permanent magnet is sta-
tionary and, accordingly, that the pulse motor is in the stalled
state. In a method applied to determine whether the pulse
motor is in the stalled state, the pulse motor is rotated in one
direction until it reaches a limit stop, during which time the
back-EMF is monitored by the control system. Immediately
the back-EMF falls below a predetermined threshold, the
control system rotates the pulse motor back in the other
direction, while again monitoring the back-EMF, until a
second limit stop is reached, at which the back-EMF again
falls below a predetermined threshold. This reference pro-
cedure is generally described as a “reference run”.

This method is specifically disadvantageous, in that the
change in the back-EMF in the critical range is small, such
that the known method only permits the achievement of
maximum torque to be evaluated with limited accuracy. It is
also disadvantageous that the threshold applied for stall
detection is dependent upon the load. It has also been
observed that, as a result of vibrations in the motor, the
back-EMF may remain above the threshold, such that the
stalled state cannot be reliably anticipated.

In the automobile industry, pulse motors of the type
described above are used e.g. in headlight beam adjustment
systems. It may be observed that the luminous intensity of
available headlights increases from generation to generation.

Accordingly, it is necessary to ensure that headlights are
not left in a position in which oncoming traffic—the density
of which continues to rise as vehicle numbers increase—will
be blinded, startled and/or dazzled. The blinding of oncom-
ing traffic increases accident risk.

In order to resolve this problem, the prior art has already
described how, in generic drive mechanisms, the point of
maximum back-EMF relative to the maximum drive current
indicates the reserve torque of the drive mechanism. By this
method, it is possible to conduct a diagnosis of the mechani-
cal system of the drive mechanism, and any points of
sluggishness can be gauged. To this end, torque character-
istic curves can be recorded, the movement of which over
time constitutes a measure of wear in the mechanical system.

By the early detection of signs of wear in the motor or in
the headlight, headlights can be switched to a safe condition
prior to the complete loss of function, thereby reducing the
dazzling of oncoming traffic and minimizing the accident
risk. In other applications, it is also necessary to determine
the reserve torque of the electrically-switched drive mecha-
nism as accurately as possible.

To this end, the prior art provides for the determination of
the back-EMF at the zero-crossing of the drive current, at the
point where the voltage drop associated with ohmic resis-
tance disappears. This arrangement should ensure that the
measurement of the back-EMF does not impair the control
of the motor.
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Disadvantageously, however, this method has proven to
be of limited robustness. Moreover, the measurement of the
back-EMF at the zero-crossing of the drive current has the
disadvantage that this method cannot normally determine
the amplitude of the back-EMF, as this variable coincides
with no-load conditions, but not with on-load conditions at
the zero-crossing of the drive current. Consequently, a
determination of the reserve torque with greater accuracy is
not possible.

SUMMARY OF THE INVENTION

Accordingly, the object of the present invention is the
elimination, or at least the reduction, of the disadvantages of
the prior art. The specific objective of the invention is
therefore the in-service detection of the back-EMF in the
electrically-switched drive mechanism with limited expen-
diture, in order to permit an accurate determination of the
reserve torque.

According to the invention, for the determination of the
back-electromotive force-related parameter, the variation in
the drive current is determined in relation to a change
interval.

By this method, the back-EMF-proportionate parameter is
obtained by the determination of the variation in the drive
current in relation to the change interval, whereby the
current variation is predetermined and the time interval is
measured. In this method, the in-service time-related varia-
tion in the drive current is determined at least once, and may
be dictated by an appropriate control unit, e.g. a micro-
controller, in the form of a series of sequential, and specifi-
cally incremental current signals. Advantageously, the back-
EMF can therefore be determined at any time, and not only
at the zero-crossing of the drive current. This has the specific
advantage that it permits the determination of the maximum
back-EMF, which only coincides with the zero-crossing of
the drive current in the no-load operating state but which, in
the on-load state, is displaced to the phase opposite the drive
current. Accordingly, the reserve torque, i.e. the maximum
torque available from the drive mechanism, can be accu-
rately determined for the application concerned. By the
method according to the invention, the reserve torque can be
determined with a high degree of sensitivity, even close to
the full workload. This method has specific advantages for
application in headlight beam adjustment systems for motor
vehicles. By the determination of the back-EMF on the basis
of the time-related current variation, a stalling of the drive
mechanism can be reliably anticipated, thereby providing
sufficient time for the headlights to be brought to a safe
condition.

In a specifically preferred form of embodiment, it is
provided that the back electromotive force-related parameter
is determined from the change interval for a predetermined
current variation, whereby the change interval is determined
by the summation of time measurements with a specific
degree of resolution. As variations in the drive current are
dictated by the control unit, and are known accordingly, the
back-EMF-proportionate parameter can specifically be
determined by the recording of the variation time between
sequential steps in the drive current, i.e. during incremental
switching. To this end, a time measurement with a specific
degree of resolution is undertaken, whereby the variation or
transition time is obtained by summation.

For the detection of the reserve torque, it is advantageous
if the parameter is determined for each current variation
applied to the drive mechanism. Accordingly, in this form of
embodiment, the back-EMF-proportionate parameter is
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determined continuously for each switching step (or switch-
ing block, or switching stage) in the drive current. Advan-
tageously, it is therefore possible to determine a maximum
or minimum back-EMEF, regardless of load conditions.

For the determination of the reserve torque of the drive
mechanism, it is advantageous if a phase displacement of the
parameter in relation to the drive current is determined. To
this end, the phase angle of the minimum and/or maximum
value for the parameter relative to the minimum or maxi-
mum drive current is specifically determined, from which, as
is known from the prior art, it is possible to deduce the
reserve torque.

As the back-EMF reflects the instantaneous angular
velocity of the drive rotor, the back-EMF may be advanta-
geously exploited as a means of detecting mechanical oscil-
lations in the system caused by wear-out or production-
related dusts. By the method according to the invention, the
back-EMF can be determined in routine operation, in order
to detect wear in the mechanical system of the drive mecha-
nism. To this end, it is advantageous if a characteristic curve
for the parameter is determined for a position of the drive
mechanism. By the recording of variations in the character-
istic curve during routine operation, it is possible for wear to
be deduced.

Other features which are considered as characteristic for
the invention are set forth in the appended claims.

Although the invention is illustrated and described herein
as embodied in a sensorless BEMF measurement in current-
controlled brushless motors, it is nevertheless not intended
to be limited to the details shown, since various modifica-
tions and structural changes may be made therein without
departing from the spirit of the invention and within the
scope and range of equivalents of the claims.

The construction and method of operation of the inven-
tion, however, together with additional objects and advan-
tages thereof will be best understood from the following
description of specific embodiments when read in connec-
tion with the accompanying drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

FIG. 1 is a graph showing a current-time characteristic for
a pulse motor, in which a back-EMF is determined by a
method which is known from the prior art, at the zero-
crossing of the drive current;

FIG. 2 is a graph showing a current-time characteristic for
the pulse motor in which, according to the invention, a
variation in a drive current in relation to a change interval is
determined to determine a back electromotive force-propor-
tionate parameter; and

FIG. 3 is a graph showing an enlarged section of FIG. 2,
corresponding to area III shown in FIG. 2.

FIG. 4 is a flow chart showing the steps corresponding to
the claimed method.

DETAILED DESCRIPTION OF THE
INVENTION

Referring now to the figures of the drawings in detail and
first, particularly to FIG. 1 thereof; there is shown a diagram
in which the solid line represents a drive current I during an
operation of a non-illustrated pulse motor. The drive motor
may be configured e.g. in accordance with published, non-
prosecuted German patent application DE 10 2012 104 541
Al. As the design and control of such pulse motors are
sufficiently well known in the prior art, reference may be
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made for this purpose to the disclosure of DE 10 2012 104
541 Al. In the operation of pulse motors of this type (or
other electronically-switched drive mechanisms) by the
application of a drive current, the back electromotive force,
or back-EMF, also abbreviated to BEMF, runs counter to the
control mechanism. This results in a loss of torque, which is
directly proportional to the speed of rotation.

In FIG. 1, the dashed line represents the back electromo-
tive force (VBEMF) which results from the movement of the
drive rotor in the magnetic field of the stator. According to
the prior art, the back electromotive force, hereinafter abbre-
viated to back-EMF, is determined at the zero-crossing of
the drive current I.

The lower part of FIG. 1 shows a detailed enlargement,
from “A”, of the drive current I characteristic in the vicinity
of the zero-crossing. Accordingly, in response to a corre-
sponding instruction delivered by a control unit (not repre-
sented), the drive current i is reduced from a step value i, to
a step value i,, which corresponds to the zero-crossing of the
drive current. In the transition from step value in to the
zero-crossing i,, the drive current observes a current decay
characteristic i,z FIG. 1 also represents the drive voltage
characteristic V, which is comprised of the operating voltage
Uy and the back-EMF. At the zero-crossing of the drive
current I, the drive voltage V falls, with a time delay in
relation to the drive current I and observing a voltage decay
characteristic V ,zc, t0 a value Vg, .~ which corresponds to
the back-EMF. Disadvantageously, however, the back-EMF
will only achieve its maximum at this point in time if the
drive mechanism is not delivering any torque (no-load
state). In the on-load state of the drive mechanism, the drive
current will run ahead of the back-EMEF, such that the
measured back-EMF will be smaller than the maximum
value or amplitude thereof.

The back-EMF may be used for the detection of stalling
in the drive mechanism, where the load torque exceeds the
maximum torque of the drive mechanism (stall detection).
However, by the method represented in FIG. 1, stall detec-
tion can only be executed under specific marginal conditions
and, in practice, has also shown limited reliability. Stall
detection may be used, for example, in vehicle headlights,
the beam adjustment system of which is not provided with
a zero-point sensor. To this end, a reference run to a limit
stop is completed in the first instance, and a specific number
of steps are then executed for the alignment of the headlight.
Disadvantageously, stepping losses or the stalling of motors
for mechanical reasons may result in the dazzling of oncom-
ing traffic, and will constitute an accident risk as a result.

Conversely, FIG. 2 represents a method for the continuous
determination of the back-EMF which provides a reliable
forecast for a stalling of the drive mechanism, based upon
the back-EMF.

The back-EMF may be calculated from equations (1) and
(2), and overall from equation (3), whereby equation (2)
describes the linear approximation of equation (1).

¥V =Ledi/dt (1)

V=L-Ai/At )

Vagar=L-Ni/Ar-Up 3)

V represents the voltage in the coil of the drive mechanism,
L represents inductance, di/dt or Ai/At represents the varia-
tion in the drive current over time, Uy represents the oper-
ating voltage, and Vg, represents the back-EMF.
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The back-EMF V...~ is also governed by the known
relationship:

Vagage=—N-A-B-wsin 2] (wi+g),

Q)
where o represents the angular velocity of the drive mecha-
nism and N, A and B represent various proportionality
factors.

From equation (4), it proceeds that the back-EMF V.,
is equal to zero where the angular velocity w=0, i.e. the drive
mechanism is stalled.

Accordingly, by a time measurement during transition
from a hold current to a run current, where the operating
voltage Uy is known, it is possible to calculate the induc-
tance L, equation (5).

L=u-At/Ai where Ai=run current-hold current, and
u=Uj. (5)

It is important that the current in all phases of the motor
should rise simultaneously, in order to prevent any move-
ment in the motor which would invalidate the assumption
Uggar=0. Although the inductance L. must be known in
order to calculate the magnitude of the back-EMF (i.e. by
quantitative determination), it may be omitted in the defi-
nition of the linearly-related parameter BEMF described
below (which provides a qualitative representation of the
back-EMF) for the determination of the reserve torque. This
simplifies the method applied considerably.

In equation (3) for the back-EMF V., . the operating
voltage Uy may also be ignored, as it constitutes an offset
variable only. Accordingly, the back-EMF V., -propor-
tionate parameter BEMF may be obtained by equation (6) as
follows:

BEMF=Ai/A (6

As the current variation Ai=i,, , -1, during a switching step
executed by the control unit will be known, equation (6) may
be reduced to a time measurement with resolution t,, (see
FIG. 3) and a summation in the time interval from to;, ., t0
tenpe 11 Which the drive current I moves from step value in
to step value see equation (7).

in+1s

BEMF=3 gz, PN i/t 7 )

The end of the time interval, or point in time t,,,, is then
achieved when the current value reaches 1i,,,,. This point in
time may be recognized for example in that a current
controller, which dictates the current i,, assumes its regu-
lating function. Between tg,, - and tz,,, the current con-
troller will be on standby in full advance mode, until such
time that the current—inhibited by the motor inductance L
and the Vg, ,—finally achieves the notional value. In this
case, i.e. where the current controller detects the point in
time tz,p, No additional current measurement is necessary.
In general, it is of little consequence how the time measure-
ment is achieved, provided that the degree of resolution in
the time measurement is sufficiently large (or t,,. is suffi-
ciently small) to permit at least the phase angle of BEMF to
the drive current to be determined with sufficient accuracy.

FIG. 3 shows a schematic representation of fifteen inter-
vals of width t;, i.e. At=15xt,,. Under normal conditions,
the amplitude of current variation is set such that the point
in time tz, occurs prior to the expiry of the step interval T
or prior to the point in time tg,,,+1. The step interval T
therefore remains constant, provided that the motor speed
and the control resolution are maintained constant, and
therefore makes no contribution to measurement. The cur-
rent variation Ai is only dependent upon the position in the
current sine curve, such that, for a selected control resolution
and a selected phase angle, it will also remain constant
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and—as already indicated above—is known. Even if the
speed is varied, Ai does not vary. The change interval At is
therefore dependent upon the following parameters: the
current variation Ai, the back-EMF V., . the inductance L
and the operating voltage Ug. Of these, Ai (in relation to the
phase angle) and L (assumed to be constant as a function of
time) may be assumed to be constant. From FIG. 2, it will
be seen that, at a phase angle of 45°, 135°, 225° and 315°,
while both Ai and Vg, - remain equal in magnitude in all
cases, all variations in symbol combinations will be run
through. Accordingly, At is equal at 45° and 225°, and at
135° and 315°. With the motor under on-load conditions, the
displacement of VBEMF and At will not generally show any
symmetry. However, an interpolated sine curve may still be
plotted, and a periodicity may be observed accordingly.

By the incorporation of equation (6) in equation (3), it is
possible to undertake the straightforward calculation of the
back-EMF V., - by equation (8). This may proceed e.g. in
a microprocessor UC, whereby equation (7) represents the
measurement of the parameter BEMF by equation (6). In
service, it is only necessary for measured data in accordance
with equation (7) to be transmitted from a pulse motor driver
to the microprocessor.

Upgage=L-BEMF-Uy ®)

Where the current variation Ai is assumed to be constant
(i.e. in a control system in which an oscillation in the motor
current is simulated on the basis of a variation in the width
of the current step), the back-EMF may be determined by
time measurement alone. This arrangement delivers a mul-
titude of usable results. In this case, however, it is more
important to determine whether the back-EMF varies over
the cycle; in this case, the angular relationship over a cycle
will no longer be linear, and will require particular consid-
eration.

FIG. 2 and FIG. 3 represent the drive current I charac-
teristic associated with a control of the pulse motor by
electronic (block or sinusoidal) switching. Measurement of
the parameter BEMF by equation (7) can then proceed
continuously, where a new current value i, , is applied to the
drive coil. The parameter BEMF is therefore determined
upon each transition between sequential current steps i,
i,,;. Accordingly, the measurement of the parameter BEMF
by reference to an electric cycle in the motor will be all the
more accurate, the closer the matching of the drive current
to the sine curve represented in FIG. 1.

By a known relationship, the maximum available torque
delivered by the drive mechanism decreases as the speed of
rotation increases. It is therefore important to determine
whether the speed of rotation selected for a specific appli-
cation provides a sufficient degree of security in the instan-
taneous relationship between the drive mechanism and the
load. For the determination of the reserve torque and the
dynamic variation thereof associated with wear, the phase
angle of the parameter BEMF may be considered.

To this end, from the continuous determination of the
parameter BEMF, the maximum value thereof for the defi-
nition of the phase relationship to the drive current will be
determined. Determination of the absolute value of the
back-EMF is not necessary for this purpose—determination
of the parameter BEMF by equation (7) will suffice. From
the phase angle of the parameter BEMF relative to the drive
current I, it is possible to undertake the quantitative defini-
tion of the reserve torque.

Moreover, the phase spacing between the parameter
BEMF and the drive current I can be plotted and saved in a
characteristic curve for the positions of the drive mecha-
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nism. In routine operation, a variation in this characteristic
curve, including the consideration of temperature where
applicable, can be detected, from which it will be possible to
deduce the wear-out of the drive mechanism.

The maximum value for the parameter BEMF can also be
used for stall detection, whereby the load-related displace-
ment in the measured V., value at the zero-crossing of
the drive current I, by the method represented in FIG. 1, can
be eliminated, thereby permitting a reliable diagnosis to be
undertaken.

This method will only be robust if the current i,,, is
achieved in the available time, i.e. within the time interval
before i,,, is targeted. To this end, an indication is required
which can be easily read from the current control unit (e.g.
the switching performance of a switching controller or the
achievement of a current value). If the current i,,, is not
achieved, it will not be possible to determine parameter
BEMF with any validity. There are a number of reasons for
this—commonly, the speed of rotation of the motor or the
selection of the motor are inappropriate for the application
concerned.

FIG. 4 is a flow chart showing the steps corresponding to
the claimed method for determining a reserve torque in an
electronically-switched drive mechanism based upon a
parameter in a generally linear relationship to a back elec-
tromotive force of the electronically-switched drive mecha-
nism. Step S1 is determining a current variation in a drive
current in relation to a change interval for determining the
parameter being a back electromotive force-related param-
eter. Step S2 is determining the back electromotive force-
related parameter from the change interval for a predeter-
mined current variation. Step S3 is determining the change
interval by summing time measurements with a specific
degree of resolution. Step S4 is determining the parameter
for each said current variation applied to the electronically-
switched drive mechanism. Step S5 is determining a phase
displacement of the parameter in relation to the drive
current. Step S6 is determining a characteristic curve for the
parameter for a position of the electronically-switched drive
mechanism.

The invention claimed is:

1. A method for determining a reserve torque in an
electronically-switched drive mechanism based upon a
parameter in a generally linear relationship to a back elec-
tromotive force of the electronically-switched drive mecha-
nism, which comprises the steps of:

determining a current variation in a drive current in

relation to a change interval for determining the param-
eter being a back electromotive force-related param-
eter;

determining the back electromotive force-related param-

eter from the change interval for a predetermined
current variation; and

determining the change interval by summing time mea-

surements with a specific degree of resolution.

2. The method according to claim 1, which further com-
prises determining the parameter for each said current
variation applied to the -electronically-switched drive
mechanism.

3. The method according to claim 1, which further com-
prises determining a phase displacement of the parameter in
relation to the drive current.

4. The method according to claim 1, which further com-
prises determining a characteristic curve for the parameter
for a position of the electronically-switched drive mecha-
nism.
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5. The method according to claim 1, wherein the elec-
tronically-switched drive mechanism is a pulse motor for a
headlamp beam adjustment system.

#* #* #* #* #*
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